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Abstract. Proposed and demonstrated is an angstrom level optical path
length (OPL) detection sensitivity polarization multiplexed heterodyne
acousto-optic interferometric sensor. Because both the phase-coded and
the reference rf signals in the design are generated by the same optics,
the heterodyne detected rf signals generated contain correlated phase
noise characteristics that essentially cancel out during the mixing process in the rf domain. Hence, the proposed four-beam design leads to a
super stability OPL sensor with angstrom level experimentally demonstrated measurement stability. A proof-of-concept experiment measures
the voltage-dependent phase change due to the refractive index change
of a liquid crystal sensor chip. © 2005 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1914779]
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Introduction

Optical interferometry is a useful tool in a number of applications such as thickness measurements, surface structure characterization, and optical sensor applications.1,2 A
number of different types of optical interferometers are
available and can be selected for a particular application.3
One of the main design issues in optical interferometers is
mechanical and thermal instability leading to phase noise in
the interferometer output signals.4,5,6 To alleviate these issues, a novel acousto-optic heterodyne interferometer was
demonstrated that has an in-line design providing internally
generated rf reference signal leading to an angstrom optical
path length 共OPL兲 resolution.7 This interferometer uses a
double Bragg cell diffraction approach to measure the
phase difference between two optical beams. The most
dominant source of noise in an interferometer is phase fluctuations introduced by air currents or temperature differences in the optical path. The interferometer in Ref. 7 has a
near common optical path so that the temperature, mechanical, and atmospheric variations affect both the signal
and reference beams. Thus at the interferometer output
while undergoing heterodyne detection, the unwanted
phase variations are cancelled out. This particular feature of
the proposed heterodyne scanning interferometer results in
a low noise level. In this paper, it is shown how the interferometer design in Ref. 7 can be greatly improved in optical efficiency, power distribution flexibility, and compactness via the use of polarization multiplexing and lens
optics.8 In addition, a novel front-end optical sensor chip
design concept is introduced. The rest of the paper describes the design and related experiments for the proposed
interferometer.
0091-3286/2005/$22.00 © 2005 SPIE
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This section begins with a basic introduction to phase sensitive interferometry, explaining why phase noise reduction
is critical for realizing precision sensing. Note that interferometers invariably are used to measure the phase difference
between two optical beams. This phase difference can be
due to different amounts of distance traveled by the two
beams, different refractive indices of the mediums in which
the two waves are traveling, or a combination of both refractive index and distance differences. The mentioned
phase difference then produces a fringe pattern that can
either vary in space or in time. Depending upon the fringe
pattern analysis method, interferometers can be broadly divided into two categories. In one type of interferometer, the
phase information is encoded in the intensity pattern and
this pattern is recorded on large area detectors, holograms,
or as images in a CCD camera. The intensity pattern is then
processed to give the phase information. The phase information contains phase ambiguity because of wrapping of
the phase in the 0-2 phase interval. To avoid this ambiguity, rigorous phase unwrapping algorithms are used.9 Also
these types of interferometers are slower because of the
low-speed recording process and the large image data processing requirements. Examples of these types of interferometers are Michelson interferometers, Mach-Zehnder interferometers, and Fizeau interferometers such as those
used for surface profilometry and characterization.10,11
In the other type of interferometer, the phase difference
is measured directly. As the phase of an optical beam cannot be directly measured, the heterodyne process is used to
convert optical phase data onto a lower radio frequency
共rf兲. Examples of such heterodyne interferometers are
acousto-optic heterodyne interferometers, Zeeman-effect
interferometers, and dual frequency interferometers.12–14 In
all these interferometers, high-speed photodetetors are used
to extract optical phase data from the photodetected rf sig-
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Fig. 1 Schematic diagram of the proposed polarization multiplexed heterodyne scanning interferometer including the novel optical sensor chip for internally referenced phase measurements for high
stability. HWP: half wave plate, BDP: beam displacement prism, P-Pol: horizontal polarization, S-Pol:
vertical polarization, BS: beam splitter, S: spherical lens, SB: spatial block, AOD: acousto-optic device,
PD: photodetector.

nal making these heterodyne interferometers suitable for
fast temporal effect sensing applications. A convenient
measure of phase difference is the OPL difference between
two beams in an interferometer. The OPL between two
points P(x 1 ,y 1 ,z 1 ,t 1 ) and Q(x 2 ,y 2 ,z 2 ,t 2 ), where x, y, z
are the space coordinates and t is the time variable, can be
defined as: OPL⫽ 兰 QP n(x,y,z,t)ds, where n(x,y,z,t) is the
refractive index and ds is the distance between the two
points. For the simple case when the OPL changes in time
but not in space, the OPL can be written as: OPL⫽n(t 1 )
⫻d, where d is the physical path length traveled by the
beam and t 1 is the time instant. The change in OPL at
another time t 2 is then given by: ⌬OPL⫽ 兵 n(t 2 )⫺n(t 1 ) 其
⫻d⫽⌬n⫻d, where ⌬ represents variations in the associated parameter. If OPL is multiplied with the wave number
K, the phase change ⌬ is obtained. Here K⫽2  /, where
 is the optical wavelength in free-space. The relative phase
shift between two beams in the interferometer can then be
written as:
⌬  ⫽ 共 2  / 兲 ⫻⌬OPL⫽

2
⌬n⫻d.


共1兲

To measure the interferometer sensed phase ⌬ with super
accuracy, the sensing rf signal phase noise must be minimized when it is considered against a highly phase stable
externally generated rf reference signal. As reducing phase
noise in an interferometer design is extremely difficult due
to changing environmental conditions, an alternate approach for measuring the phase difference is to use sensing
Optical Engineering

and reference rf signals generated from the interferometer.
In this case, both rf signals have the same or correlated
phase noise that can cancel out during the electronic mixing
process in the rf phase meter. For example, in general the
sensing signal s(t) and reference signal r(t) from a heterodyne interferometer can be written as:
s 共 t 兲 ⫽a s cos关 2  f c t⫹  s ⫹  sn 共 t 兲兴 ,
and
r 共 t 兲 ⫽a r cos关 2  f c t⫹  r ⫹  rn 共 t 兲兴 ,

共2兲

where a, , and  are the amplitude, phase, and phase noise
of the respective signals. After electronic mixing and lowpass filtering operation by an rf phase meter, the desired
phase meter signal is given by:
1
i 共 t 兲 ⫽ a r a s cos关共  s ⫺  r 兲 ⫹ 共  sn ⫺  rn 兲兴 ,
2

共3兲

where for example,  s -  p ⫽⌬  , as in Eq. 共1兲. As seen from
Eq. 共3兲, for optimal phase meter signal i(t) sensitivity,
 sn (t)⫽  rn (t). Thus, one approach for getting optimal
sensitivity from a heterodyne interferometer is to achieve
the  sn (t)⫽  rn (t) condition. In a practical implementation, this means designing an optical interferometer such
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that both the sensing signal generating optical beams and
the reference generating optical beams suffer the same
phase noise due to phase variation generating effects such
as vibrations, air current, and temperature fluctuations.
Figure 1 shows how using polarization multiplexing, an
optimized interferometer design is realized with the desired
common phase noise leading to greatly improved detection
efficiency with a minimum of optical components. First a
combination of a linear polarizer P and a laser produces a
pure linearly polarized beam. Next a half wave plate
共HWP兲 is used that can change the linear polarization orientation depending upon the orientation of the optic axis of
the HWP with respect to the input beam linear polarization.
A beam displacement prism 共BDP兲 then divides the input
beam into horizontally 共P兲 and vertically 共S兲 polarized
beams. The BDP is oriented in such a way that the two
beams are displaced vertically from each other. One of the
beams acts as a reference beam while the other beam acts
as a signal beam. A desired vertical inter-beam displacement can be obtained by proper selection of the length of
the BDP crystal. The rotation control of the HWP makes a
powerful mechanism to control the relative power in the
signal and reference beams. Specifically, if a linear polarizer P with its axis along the horizontal direction is selected, and the optic axis of the HWP is at  with respect to
the polarizer axis, the resultant beam is polarized at 2 with
respect to the horizontal direction. This beam then passes
through the BDP, which produces reference and signal
beams with normalized powers of cos2(2) and sin2(2),
respectively. Hence, any optimum ratio of optical powers
between the two beams can be obtained by properly selecting the orientation of the HWP. This in turn provides a
power control feature for the reference and signal coded
beam in the proposed sensor. The two S and P polarized
optical beams obtained after the BDP are focused into the
AOD or Bragg cell by a spherical lens S1 of focal length
F 1 placed at a distance of F 1 from the Bragg cell at the
respective Bragg angle. The AOD is driven by an rf of f c
frequency.
The light output from the AOD consists of two undiffracted dc P and S polarized beams of normalized powers
of 共1⫺兲 and two ⫹1 order positive Doppler shifted diffracted P and S polarized beams of normalized power ,
where  is the diffraction efficiency of the AOD Bragg cell.
These dc and ⫹1 order beams then pass through a lens S2
of focal length F 2 , which is placed at a distance of F 2 from
the AOD. These beams after passing through the lens become parallel to each other. Note that the four beams coming from S2 are all parallel plane waves and hence have a
small divergence. Hence, the sensor chip can be placed at a
convenient distance for the setup while maintaining the
same pass return path for the beams and hence preserving
the Bragg condition in the AOD, eliminating the need to
place the sensor chip at the focal length.7 Note that in the
Ref. 7 design, the light output at the sensor plane as well as
at the high-speed photodetector plane is a vertical line that
reduces the overall optical efficiency of the system. The
proposed Fig. 1 design achieves an optically efficient pointto-point design with a minimal number of optical components. This is because the light beams at the sensor chip are
small circular beams and the beams at the high-speed deOptical Engineering

tectors are focused points thus creating a power efficient
system.
The ⫹1 order P-polarized beam produces a signal coded
beam that passes through the active zone of the sensor chip
and is reflected from the back surface with a reflectivity of
R 1 . On the other hand, the P-polarized dc beam and the
S-polarized dc, ⫹1 beam pair are reflected back from the
highly flat inactive zone of the sensor chip with a reflectivity of R 2 . Thus a variable OPL difference is introduced
between the sensing beam pair and the reference beam pair
that depends upon the thickness and the refractive index of
the active zone of the sensor chip. The material of the sensor chip can be chosen to be sensitive to the measured
sensor process variable such as temperature or pressure.
Note that S-polarized beam pair 共dc and ⫹1 order兲 and the
dc P-polarized beam are reflected from the chip front surface and hence do not pass through the sensor chip active
layer. These four beams are thus reflected back into the
system and are double diffracted on the return path. The ⫹1
order beams produce a double diffracted 共⫹1,⫹1兲 order
beams that become collinear with their respective dc beams
and are stationary. The other pair 共⫹1,⫺1兲 order beam are
blocked spatially. First a beam splitter 共BS兲 in the return
path deflects the light at 90 deg and then a polarization
beam splitter 共PBS兲 is used to separate the P-polarized and
S-polarized beam pairs. Photodetector PD1 detects the sum
of the P-polarized dc with a normalized optical field amplitude of 关 (1⫺  ) 2 R 2 兴 1/2 and the double diffracted 共⫹1⫻⫹1兲
order beam with a normalized amplitude of  (R 1 ) 1/2. PD2
detects the sum of the S-polarized dc beam with normalized
amplitude of 关 (1⫺  ) 2 R 2 兴 1/2 and the double diffracted 共⫹1
⫻⫹1兲 order beam with a normalized amplitude of
 (R 2 ) 1/2. Both PD1 and PD2 produce heterodyne detected
signals at 2 f c . An efficient heterodyne detection process is
implemented when the amplitudes of the respective signals
are equal. This condition is achieved in the proposed design
by controlling the orientation of the BDP and the HWP in
Fig. 1, along with power control of the rf signal applied to
the Bragg cell. The signal from PD1 acts as a reference
phase signal while the signal from PD2 is the data signal
coded with the OPL variation information. Both the reference phase and the test medium phase 2 f c frequency signals are fed to an electronic phase meter for sensor parameter measurements. Note that as the rf drive frequency of
the AOD is changed to implement one-dimensional scanning of the sensing zone, the dc beams remain stationary
while the ⫹1 order P-polarized and S-polarized beams
translate linearly by the same physical distance on the chip.
Because the reference zone of the chip is highly flat and the
⫹1 order beams travel the same optical path length from
the AOD to the chip, the reference phase at the rf phase
meter is held constant as needed for processing. In a practical scenario, the reference chip zone can show some flatness variation causing a slight variation in the reference
phase as the optical beam is scanned. In this case, as the
reference zone optical thickness variation is fixed, one can
calibrate the sensor by measuring this reference phase
variation and taking it into account for rf phase difference
processing. Either way, the proposed sensor can be reference phase noise tolerant. As the sensing parameter
changes, the OPL in the sensor chip changes and produces
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Fig. 2 Oscilloscope traces of the 140-MHz output from the photoreceivers when sensor test material, i.e., a NLC chip, is inserted in
the system. The AOD drive is 70-MHz. The upper trace is the reference phase data obtained from PD1 while the lower trace is the
signal phase obtained from PD2 .

a phase difference between the rf signals feeding the phase
meter. This phase difference ⌬ can directly be calibrated
in terms of the sensing parameter, thus realizing a high
precision OPL sensor.
In general, the reflectivity of the active zone R 1 of the
sensing chip can be different from the reflectivity R 2 of the
inactive zone of the sensor chip. This will create reference
and signal beams of unequal magnitudes and also a nonoptimal heterodyne signal, which hinders optimal phase detection at the phase meter that requires two equal power
signals for optimal noise rejection. As mentioned earlier,
the orientation of the HWP and the BDP provides the control of optical power in the reference and signal beams.
Another important aspect is the different reflectivities of the
individual pixels that will create a nonoptimal heterodyne
detected rf signals at frequency 2 f c . This requires power
control within the dc and the ⫹1 order beams. This control
is provided by the adjusted power of the rf signal applied to
the AOD that changes the diffraction efficiency of the AOD
in the proposed design. Thus an optimal power split ratio
between the dc and the ⫹1 sensing beam can be obtained
for the sensing pixel. Hence, the power split control in the
reference and signal beam by the orientation of the HWP
and the BDP along with the power control of the ⫹1 order
beams realizes a sensing system for widely different sensing materials and sensor chips.
3 Experimental Demonstration
Vertically or s-polarized light from a 532-nm 15-mW
Nd:YAG laser passes through a HWP oriented at 22.5 deg
to the vertical axis. A BDP is oriented at 45 deg to the
horizontal direction producing two vertically displaced
equal power beams with a separation of 2 mm. The upper
beam is s-polarized while the lower beam is p-polarized.
These beams pass through the BS and are focused into an
AOD at the respective Bragg angle using a F 1 ⫽10 cm biconvex lens S1 . The AOD used is a flint glass Bragg cell
with a center frequency of f c ⫽70 MHz and a bandwidth of
40 MHz. The active AOD aperture is 39 mm⫻2 mm with
an access time of 10 s. The AOD is driven by a frequency
synthesizer coupled with a power amplifier with a 40 dB
gain.
To demonstrate the validity of the proposed architecture,
a 6-m-thick parallel-rub nematic liquid crystal 共NLC兲
Optical Engineering

Fig. 3 Experimental data of relative phase shift introduced in the
NLC chip in the interferometer by varying the amplitude of the voltage drive signal to the sensing LC pixel.

chip is used to test the instrument. The chip has four identical LC pixels that can be controlled independently by
varying a voltage signal to the respective pixel electrodes.
The NLC chip is placed with its nematic director along the
linear p-polarization of the scanning optical beam. Any
amount of optical phase shift between 0 and 330 deg for
this particular NLC chip, which corresponds to an optical
path length difference of 243.833 nm, can be introduced by
varying the amplitude of the 1 KHz square wave voltage
drive signal applied to the one active pixel in the NLC chip
that corresponds to the ⫹1 order P-polarized beam. Note
that the other three LC pixels are not driven by the voltage
signal and thus do not introduce any OPL variation. The
OPL variation is only introduced in the ⫹1 order
p-polarized beam that creates a signal coded beam. Figure 2
shows a oscilloscope trace of the detected 2 f c ⫽140 MHz
sensing and reference signals that feed the phase meter. The
upper signal is the reference signal while the lower signal is
the sensor phase coded signal. The phase angle ⌬  ⫽  s
⫺  r is a function of the LC chip voltage and the LC chip
thickness d. This phase difference ⌬ is measured using a rf
lock-in phase meter with an instrument resolution of 0.02
deg. In the experiment a ⫾0.05 deg fluctuation in phase
readings is obtained from the lock-in phase meter, which
corresponds to experimentally demonstrated resolution of
0.1 deg. This in turn sets the OPL measurement resolution
of 1.4 Å for the demonstrated sensor. Figure 3 shows the
LC sensor chip active pixel phase variations versus the
pixel drive voltage. To verify the results, the phase retardation of the NLC chip was measured as a function of applied
voltage by measuring the transmitted intensity of the chip
when placed between two cross-polarizers with the NLC
director of the chip at 45 deg with respect to the polarizer
axis. The data is in good agreement with the results obtained by the interferometer measurements.
4 Conclusion
In conclusion, we have successfully implemented a compact mode reflective heterodyne scanning optical interferometer that for example can be used to measure thickness
changes up to an angstrom sensitivity. The proposed reflective design uses an inline rf and optical design, in addition
to using few optical components in the noncommon path
scanning arm. This design has inturn led to an interferometer demonstration with exceptionally low phase noise with
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a 1.4 Å OPL measurement resolution. Hence the proposed
instrument has the capability to measure path length
changes on the atomic scale. It is expected that the demonstrated instrument can be a useful tool for biomedical applications involving molecular and cellular mapping. The
instrument resolution can be further increased by using custom compact packaging mechanics and optics.
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